Abstract. is overexpressed in numerous human cancer types and has an oncogenic role. Previous study has revealed that miR-155 serves an important role in the progression of clear-cell renal cell carcinoma (ccRCC); however, the underlying mechanism was not completely clarified. The present study aimed to investigate the biological role of miR-155 in ccRCC and the underlying molecular mechanisms. The expression of miR-155 in 20 ccRCC and adjacent normal kidney tissues was determined by PCR. After downregulation of miR-155 expression by miR-155 inhibitor, cell growth was assessed by MTT and colony formation assays. Apoptosis and cell cycle distribution were analyzed by flow cytometry. Cell invasion and migration was detected by wound healing and Transwell assays. Furthermore, forkhead box O3a (FOXO3a) mRNA and protein expression were detected by PCR and immunoblotting. The expression of FOXO3a in 20 ccRCC tissues was also examined by immunohistochemistry. The expression of miR-155 was upregulated in ccRCC tissues compared to that in adjacent normal tissues. Inhibition of miR-155 significantly suppressed the proliferation, colony formation, migration and invasion, and induced G1 arrest and apoptosis of ccRCC cells in vitro. Moreover, inhibition of miR-155 significantly upregulated FOXO3a expression, and miR-155 expression was inversely correlated with FOXO3a expression in ccRCC tissues. In conclusion, miR-155 may have an important role in the genesis of ccRCC through targeting FOXO3a and may be a potential target for ccRCC therapy.
Introduction
The prevalence of renal cell carcinoma (RCC), a renal neoplasm accounting for ~3% of adult malignancies, has been increasing in the recent years (1, 2) . Less than 10% of patients with RCC are reported to have ≥5-year survival rates due to the aggressive nature of the neoplasm, lack of early detection and poor responses to clinical treatments (2) . Among the histological subtypes of RCC, clear-cell RCC (ccRCC) is the most common type, accounting for 75-80% of all RCC cases (3) . In the past decades, studies on ccRCC have mainly focused on the genome mutations, expression of protein-coding genes as well as epigenetic changes. However, increasing evidence has indicated that dysregulation of certain microRNAs (miRNAs) is also closely associated with the pathogenesis of ccRCC (4, 5) .
miRNAs are a class of non-coding RNAs that exert post-transcriptional control of gene expression by specifically binding to the 3'-untranslation region (3'-UTR) of their target genes (6) . miRNAs have been acknowledged to have important roles in a wide range of biological functions, including cellular proliferation, differentiation, development, apoptosis and cellular metabolism (7) . Furthermore, miRNAs have been reported to have crucial roles in the pathogenesis and development of cancer. Accumulating evidence revealed aberrant expression of numerous miRNAs in a number of human malignancies (8, 9) . For instance, miR-155, miR-210, miR-21, miR-17-5p, miR-122 and miR-20 were found to be upregulated in ccRCC, while miR-9, miR-200bc, miR-141, miR-455-5p, miR-363 and miR-429 were reported to be downregulated (10) . In addition, apoptosis was induced in cancer cells subjected to overexpression of tumor suppressor miRNAs or silencing of oncogenic miRNAs (11) . Taken together, it is reasonable to speculate that miRNAs are novel targets for cancer therapy.
miR-155, localized within a genomic region known as B cell integration cluster, has important roles in immune responses and cancer as well as aberrant proliferation (12) (13) (14) (15) . Extensive studies revealed that miR-155 has crucial roles in the formation of hematopoietic cells, inflammation and immune reactions as well as in the pathogenesis and development of cancer (16) (17) (18) . miR-155 was found to be upregulated in ccRCC and may play have an oncogenic effect in RCC (16) ; however, the exact molecular mechanisms underlying its function in the pathogenesis of ccRCC has remained to be fully elucidated.
Forkhead box O3a (FOXO3a), a target gene of miR-155, is a family member of forkhead transcriptional factor. It was reported to be distributed in the nucleus, and to have crucial roles in cellular apoptosis through upregulating B-cell lymphoma 2-interacting mediator of cell death and Fas (19) . Furthermore, miR-155 was shown to enhance the expression of the gene growth arrest and DNA-damage-inducible alpha (GADD45A) (20) . As FOXO3a is known to regulate GADD45A expression (21) , it is reasonable to speculate that miR-155 may be involved in the pathogenesis and progression of ccRCC through targeting FOXO3a. The present study demonstrated that miR-155 is a determinant of cell proliferation and invasion by targeting FOXO3a in ccRCC.
Materials and methods

Specimens.
A total of 20 ccRCC tissue specimens and matched normal kidney tissues were obtained from patients admitted to Binzhou Medical University Hospital (Binzhou, China) from January 2013 to January 2014 immediately after radical nephrectomy. None of these patients received anti-tumor treatment prior to surgery and the diagnosis as ccRCC was histologically confirmed. Tissue samples were immediately frozen in liquid nitrogen after resection and stored at -80˚C prior to RNA extraction. Written informed consent was obtained from each patient. The study protocols were approved by the Institutional Review Board of Binzhou Medical University Hospital (Binzhou, China).
Cell culture. The ccRCC cell lines ACHN, 786-0 and CAKI-1 were purchased from the Institute of Biochemistry and Cell Biology (Shanghai, China). The HK-2 human kidney tubular epithelial cell line was purchased from the American Type Culture Collection (Manassas, VA, USA). ACHN and CAKI-1 cells were cultured in Eagle's Minimum Essential Medium supplemented with 10% fetal bovine serum (FBS) and 786-0 cells were cultured in RPMI-1640 medium supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The HK-2 cell line was cultured in KSF medium (Gibco; Thermo Fisher Scientific, Inc.) containing epidermal growth factor (PeproTech, Inc., Rocky Hill, NJ, USA). All cells were cultured at 37˚C in a humidified incubator with 5% CO 2 .
Cell transfection with miR-155 inhibitor. miR-155 inhibitor, single-stranded chemically modified oligonucleotides, was purchased from GenePharma Biological Technology (Shanghai, China). The sequence of the oligonucleotides was 5'-CCC CTA TCA CGA TTA GCA TTA A-3'. Cells were transfected with miR-155 inhibitor using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Following 24, 48 or 72 h of transfection, cells were harvested and used for further study. Scrambled sequence-transfected cells served as a negative control. The scrambled sequence (GenePharma Biological Technology) was 5'-CAT TAA TGT CGG ACA AC-3'.
RNA extraction and reverse-transcription quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Complementary DNA synthesis was performed using 2 µg RNA. The RT reaction mixture, which was provided in the PrimeScript 1st Strand cDNA Synthesis kit (cat.
no. D6110A; Takara Biotechnology Co., Ltd., Dalian, China) consisted of 1 ml oligo dT primer, 1 ml dNTP mixture, 2 µg total RNA, RNase-free dH 2 O. The mixture was incubated at 65˚C for 5 min, and 5X PrimeScript Buffer, RNase inhibitor (0.5 µl), PrimeScript RTase (1 µl) and RNase free dH 2 O (4.5 µl) was subsequently added to the upper reaction mixture. The mixture was further incubated at 42˚C for 30 min, followed by 95˚C for 5 min. The real-time PCR reaction mixture (SYBR Premix Ex Taq; cat. no. RR041A; Takara Biotechnology Co., Ltd.) was prepared with Takara Ex Taq HS DNA polymerase, dNTP mixture, Mg+, RNase H and SYBR Green I. PCR reactions were performed on an ABI 7500 Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.) under the following conditions: 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. All values were normalized to an endogenous U6 control. The sequences of primers used (Sangon Biotech Co., Ltd., Shanghai, China) were as follows: miR-155; forward, 5'-GCG GTT AAT GCT AAT CGT GAT-3' , and reverse, 5'-GTG CAG GGT CCG AGG T-3'; and U6, forward 5'-CTC GCT TCG GCA GCA C-3' and reverse 5'-AAC GCT TCA CGA ATT TGC GT-3'. The quantification of the PCR results was performed using the 2 -ΔΔCq method as previously described (22) .
Cell proliferation assay. ACHN cells (3x10
4 cells/well) were cultured in 96-well plates overnight and then transfected with miR-155 inhibitor. At 24, 48 and 72 h after transfection, cell growth was examined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay according to the manufacturer's instructions (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany). The absorbance of samples was recorded at 490 nm using a microplate spectrophotometer (Model 680; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Colony formation assay. ACHN cells were transfected with miR-155 inhibitor or control for 48 h and seeded into 6-well plates at a density of 1,000 cells/well. After incubation at 37˚C for 10 days, the cells were fixed and stained with crystal violet. The number of colonies containing >50 cells was counted and images were captured using a light microscope (Nikon Corp., Tokyo, Japan) for three independent replicates.
Flow cytometric cell cycle analysis. ACHN cells were cultured in 6-well plates overnight and then transfected with miR-155 inhibitor or control as described above. After 48 h of incubation, the cell cycle distribution was determined using flow cytometry. In brief, the cells were collected, washed with ice-cold PBS twice and fixed with 70% cold ethanol at 4˚C overnight. After incubation in 100 µg/ml RNase A (Sigma-Aldrich; Merck Millipore) at 37˚C for 30 min, the cells were stained with 50 µg/ml propidium iodide (PI; Sigma-Aldrich; Merck Millipore). Flow cytometric analysis was performed using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). All experiments were performed at least in triplicate.
Apoptosis assay. ACHN cells were seeded in 6-well plates overnight and then transfected with miR-155 inhibitor or control. After 48 h of incubation, the cells were harvested and washed twice with cold PBS. A total of 1.0x10 5 cells were re-suspended in 100 µl binding buffer and mixed with 5 µl fluorescein isothiocyanate-labeled Annexin V and 5 µl PI at room temperature for 15 min in the dark. After addition of 400 µl binding buffer, apoptosis was analyzed by flow cytometry.
Wound healing assay. ACHN cells were seeded in 6-well plates overnight and then transfected with miR-155 inhibitor or negative control. After 48 h of incubation, the cells were scratched with a 200-µl pipette tip and then washed three times with PBS to clear cell debris. Fresh medium supplemented with 10% FBS was added and the cells were allowed to close the wound for 48 h under normal incubation conditions. Images were captured at the position of the generated wound using a computer-assisted microscope (Nikon Corp.).
Cell invasion assay. Cellular migration assays were performed using a Boyden chamber containing 24-well Transwell plates (Corning Inc., Corning, NY, USA) with 8-mm pore membranes. ACHN cells were transfected with miR-155 inhibitor or negative control. After 48 h of incubation, ~5x10 4 cells in 200 µl culture medium supplemented with 5% FBS were seeded into the upper chamber. The lower chamber was filled with complete medium (with 10% FBS) as a chemoattractant. After 12 h of incubation, the cells on the lower side of the membranes were fixed and stained with crystal violet. Images of the lower surfaces of the membranes were captured at x100 magnification. Five fields of view were randomly selected for the determination of cell migration using NIS-Elements 2.1 software (Nikon Corp.).
Immunohistochemistry. Tissue samples were fixed with formalin and embedded using paraffin. Then 4-µm sections were cut and stained using the avidin biotin complex method. The slides were pre-treated by microwaving in 10 mmol/l citrate buffer (pH 6.0) for antigen retrieval. Endogenous peroxidase activity was blocked by incubating with 3% hydrogen peroxide for 10 min. After blocking non-specific protein binding, tissue sections were incubated with primary antibody to FOXO3a (1:1,000; cat. no. 12829; Cell Signaling Technology, Inc., Danvers, MA, USA) at 4˚C overnight. After rinsing for 5 min with PBS three times, sections were treated with horseradish peroxidase (HRP)-conjugated rabbit anti-mouse immunoglobulin G (1:5,000; cat. no. 7074; Cell Signaling Technology, Inc.) for 30 min at room temperature, followed by incubation with streptavidin biotin complex for 15 min. Subsequent to incubation of the sections with diaminobenzidine for 5 min, they were lightly counterstained with hematoxylin. A four-grade scoring system was used to evaluate the degree of immunostaining under a light microscope (Nikon Corp.): 0, <5%; 1, 5-25%; 2, 25-50%; and 3, >50% of cells with immunostaining.
Western blot analysis. Cells were lysed with radioimmunoprecipitation buffer and the quantity of the protein was determined using the bicinchoninic acid method (Bicinchoninic Acid Kit for Protein Determination; cat. no. BCA1-1KT; Sigma-Aldrich; Merck Millipore). Protein (80 µg per lane) was subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis. Subsequently, the samples were transferred to a Hybond™ polyvinylidene difluoride membrane (Roche Diagnostics, Indianopolis, IN, USA), which was blocked with 5% non-fat milk and incubated with mouse anti-human FOXO3a monoclonal antibody (1:1,000; cat. no. 12829; Cell Signaling Technology, Inc.) followed by HRP-conjugated secondary antibody (1:5,000; cat. no. ab191866;, Cambridge, MA, USA). Protein expression was detected using an enhanced chemiluminescence kit (Pierce™ ECL Western Blotting Substrate; Thermo Fisher Scientific, Inc.). GAPDH (1:5,000; cat. no. 5174; Cell Signalling Technology, Inc.) served as a loading control. The images were captured on X-ray film and quantified using Image J 1.41 software (National Institutes of Health, Bethesda, MD, USA).
Bioinformatics analysis. Potential targets of miR-155 in ccRCC were evaluated using Targetscan software (www.targetscan.org). Via predicted pairing of target region and miR-155, this revealed that FOXO3a was one of the most likely targets.
Statistical analysis. SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA) was used to perform statistical analysis. Each experiment was performed at least in triplicate. All values are expressed as the mean ± standard deviation. Student's t test or analysis of variance was used for inter-group comparison. Pearson correlation analysis was used to evaluate the correlation between miR-155 expression and FOXO3a expression. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-155 is upregulated in ccRCC tissues and cell lines.
To investigate the potential roles of miR-155 in the pathogenesis of ccRCC, the miR-155 expression in 20 ccRCC samples and paired adjacent normal kidney tissues was determined by RT-qPCR. The results showed that miR-155 expression was significantly upregulated (5.6-fold) in ccRCC compared with adjacent normal kidney tissues (P<0.05; Fig. 1A ). Moreover, this pattern was also observed in cell lines in vitro, as miR-155 was significantly upregulated in the ACHA, CAKI-1 and 786-0 human ccRCC cell lines compared with the HK-2 human kidney tubular epithelial cell (P<0.05; Fig. 1B) .
Inhibition of miR-155 reduces the proliferation of ACHN cells.
To investigate the role of miR-155 in ccRCC, the influence of miR-155 inhibition on the proliferation of the ACHN ccRCC cell line was examined. First, the cellular proliferation rate was determined by an MTT assay after the cells were transfected with miR-155 inhibitor or negative control for 24, 48 or 72 h. As shown in Fig. 2A , miR-155 inhibition induced a significant decrease on the growth rate of ACHN cells (P<0.05). In line with this, the colony formation assay revealed that miR-155 inhibition significantly decreased the colony sphere formation after 10 days of culture (Fig. 2B) .
Inhibition of miR-155 expression induces apoptosis and cell cycle arrest in ccRCC cells.
In the present study, flow cytometric analysis was performed to evaluate the roles of miR-155 in apoptosis of ccRCC cells. As shown in Fig. 3A and B, flow cytometric analysis revealed that the rate of apoptosis was significantly increased in ACHN cells transfected with miR-155 inhibitor (P<0.05). Taken together, inhibition of miR-155 caused apoptosis in ccRCC cells.
To further analyze the mechanisms by which miR-155 expression affects cell growth, flow cytometric analysis was performed to examine the cell cycle distribution of ccRCC cells after transfection with miR-155 inhibitor. As shown in Fig 3C and D, miR-155 inhibition markedly decrease the percentage of cells in S phase, while the percentage of cells arrested in G1/G0 phase was obviously increased. Collectively, these results indicated that inhibition of miR-155 resulted in G1/G0 arrest and suppressed ccRCC cell proliferation in vitro.
Inhibition of miR-155 reduces migration and invasion of ccRCC cells. The potential effects of miR-155 on cell migration and invasion were assessed using wound healing and Transwell assays. The wound healing assay demonstrated that inhibition of miR-155 reduced the migratory capacity of the ANCH cells (Fig. 4A and B) . The Transwell assay showed that miR-155 inhibition resulted in a reduction of ANCH cell invasion compared with that in the negative control and untreated groups ( Fig. 4C and D) . Taken together, it is reasonable to conclude that miR-155 may have an important role in the migration and invasion of RCC cells.
FOXO3a is a target gene of miR-155 in ccRCC cells.
In order to investigate the underlying mechanism by which miR-155 may influence the progression of ccRCC, the potential targets of miR-155 were analyzed using Targetscan software. It was demonstrated via the predicted consequential pairing of target region and miRNA that FOXO3a was the target of miR-155 (Fig. 5A) . In order to further confirm that miR-155 targeted FOXO3a in ccRCC, the influence of altered miR-155 levels on FOXO3a expression was determined using RT-qPCR and immunoblot analysis. The results indicated FOXO3a protein showed a 2.0-fold increase after miR-155 inhibitor treatment (Fig. 5B) .
To further validate the negative regulation of miR-155 on FOXO3a in vivo, the expression of FOXO3a protein was determined using immunohistochemistry in the same ccRCC tissues in which miR-155 expression was detected. As shown in Fig 5C, FOXO3a was mainly localized in the cellular nucleus. Strong staining signals were observed in the adjacent normal kidney cells, while it was extremely low in the ccRCC cells. Furthermore, the expression of miR-155 was negatively correlated with the expression of FOXO3a (R=0.534; P=0.013; Fig. 5D ). 
Discussion
miRNAs are closely linked with the pathogenesis of tumors and malignant processes (17,18). miR-155 has been shown to be overexpressed in a wide range of malignancies, including carcinomas of breast, lung, pancreas, head and neck (18) . However, the molecular mechanisms by which miR-155 exerts its oncogenic role in ccRCC has remained poorly understood. The present study showed that miR-155 expression was significantly upregulated in ccRCC tissues compared with that in corresponding non-tumor tissues. In addition, the levels of miR-155 expression in ccRCC cell lines were significantly higher than that in a normal renal cell line. All of these results are consistent with the notion that miR-155 functions as an oncogenic miRNA in human cancer.
Given that miR-155 is overexpressed in ccRCC and that it acts as an oncomiR, the present study further investigated the functions of miR-155 in ccRCC cells in vitro. The results demonstrated that inhibition of miR-155 significantly decreased ccRCC cell proliferation, colony formation, and induced G1 arrest and apoptosis in vitro. Previous studies have shown that miR-155 enhances malignant tumor phenotypes by promoting cell proliferation. For instance, Cai et al (23) showed that overexpression of miR-155 promoted cell proliferation, while inhibition of miR-155 expression induced cell cycle arrest and promoted apoptosis in prostate cancer cells. Lao et al (24) demonstrated that inhibition of miR-155 promoted apoptosis of the cervical cancer cell lines Hela and SiHa and increased the percentage of cells in G1 phase. The present study expanded the current knowledge by highlighting the role of miR-155 in proliferation of ccRCC cells and confirmed the oncogenic role of miR-155 in ccRCC via targeting FOXO3a.
Metastasis is an important step in the progression of ccRCC. Localized and metastatic ccRCC considerably differ in terms of prognosis and therapeutic approach. Indeed, the 5-year survival rate is <27.1% for metastatic ccRCC, but >70% for non-metastatic ccRCC (25) . Early detection of metastatic ccRCC is difficult due to a lack of reliable molecular markers. The present study further evaluated the role of miR-155 in the metastasis of ccRCC cells. It was revealed that when miR-155 was downregulated, ccRCC cell invasion and migration were inhibited as indicated by wound healing and Transwell assays. These results indicated that miR-155 exerts a promoting effect in the metastasis of ccRCC and may serve as a metastatic marker.
An increasing number of studies have confirmed that miR-155 has crucial roles in the regulation of cancer pathogenesis. For instance, miR-155 was shown to drive telomere fragility in human breast cancer by targeting telomeric repeat factor 1 (26) . In addition, it contributed to the proliferation of prostate cancer cells via targeting annexin 7 (23). Furthermore, miR-155 was shown to regulate the proliferation and cell cycle distribution of colorectal cancer cells by targeting E2F transcription factor 2 (27) . Each miRNA can have multiple targets, which vary depending on the cell type in which a given miRNA is expressed. To explore the molecular mechanisms underlying the oncogenic effect of miR-155 in ccRCC, FOXO3a was identified as a potential target of miR-155 through a bioinformatics analysis (28, 29) . FOXO3a is a well studied transcriptional factor that contains a forehead DNA binding domain and has a crucial role in cell growth and apoptosis by transcriptional regulation of a number of genes associated with these processes (30) (31) (32) . Activation of FOXO3a has a tumor suppressor effect, promoting cell-cycle arrest and apoptosis in RCC cell lines. Recently, a study revealed that downregulation of FOXO3a promotes tumor metastasis and is negatively associated with metastasis-free survival in patients with ccRCC (33) . FOXO3a is considered to be a major tumor suppressor in ccRCC. The present study showed that FOXO3a is expressed in adjacent normal kidney tissues and is significantly downregulated in the majority of primary ccRCC tissues. Furthermore, expression of miR-155 was negatively correlated with that of FOXO3a in ccRCC tissues. In addition, downregulation of miR-155 increased FOXO3a expression at the protein level in ACHN cells. These results indicated that miR-155 promotes the progression of ccRCC at least in part by targeting FOXO3a. In order to further comfirm that FOXO3a was directly regulated by miR-155 in ccRCC, a luciferase reporter assay should be performed in future studies (34) .
In conclusion, miR-155 was shown to be upregulated in ccRCC and to function as an oncogene in ccRCC by directly targeting FOXO3a. Targeting miR-155 may provide an effective therapeutic approach to treat ccRCC.
